A B S TRA C T Reliability is the most important criteria in aerospace applications. This paper outlines the results of investigations and functional tests performed with hybrid bearings, ceramic bearings in comparison to all-steel bearings, to demonstrate the fatigue behaviour and reliability of silicon nitride components used in rolling bearings. The performance under specific operating conditions such as high speed, blade-loss and oil-off operation is outlined in this paper as well as comparative results of friction torque and bearing temperature.
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The field-proven materials for rolling contact bearings are mainly low-alloyed chromium steels, corrosion resistant steels, case hardening steels and high temperature steels. Naturally the trend towards higher power density in aircraft engines, less weight and higher temperatures, where combustion of fuel is much more efficient, is particularly strong in all airborn equipment and even stronger in the field of main propulsion engines.
In the mid seventies the silicon nitride emerged as the ceramic material combining low density with excellent material properties such as hardness, cleanliness, fine and uniform structure etc. This paper presents the results of investigations and testing performed at the authors research center into the capability of silicon nitride as a bearing material and its resistance to fatigue.
S I L I C ON N I T R I D E I N ROLLING BEARING A P L I GAT I ON S
The typical material properties of silicon nitride in comparison with AISI M50 bearing steel are shown in the attached Table I .
The load carrying capacity of high speed bearings is partly being absorbed by the centrifugal load exerted on the outer ring raceway by the rolling elements which are orbiting at cage speed around the center of the bearing.
The increase in contact pressure in the outer raceway of a high-speed bearing caused by centrifugal rolling element loading (Figure 1 ) reduces the fatigue life of a life limited bearing and may boost the contact pressure beyond the endurance limit (2), changing the respective bearing from one with unlimited fatigue life expectancy to a fatigue limited bearing. With the use of the light-weight ceramic rolling elements in high--speed applications a life improvement in comparison to steel rolling elements can be obtained as schematically presented in Figure 2 .
The advantage of the lower density of silicon nitride rolling elements is partly compensated by the higher stress concentration caused by the higher Youngs modulus and lower Poisson ratio. To achieve the same stress distribution as present in all-steel bearings it would be necessary in ball bearings to increase the conformity of the races beyond the values customarily used with all-steel bearings. This, however, is possible only to a degree because of the manufacturing tolerances limitations and with regards to bearing kinematics and internal friction. The structure of the material must be homogeneous and fine-grained ( Figure 3 ) for wear and pressure resistance and to obtain the desired surface quality and dimensional accuracy by the subsequent grinding process.
Improper grinding of ceramic material can initiate cracks resulting in a detrimental life reduction. It was experienced during production development that micro cracks on the surface but also subsurface can be induced by an improper grinding process ( Figure 4) This means that the quality of the silicon nitride powder, the quantity of the flux powder, the cycle of hot-pressing and the grinding processes must be optimized and very carefully controlled.
The applied quality assurance methods to control and ensure the reliable material quality are:
a) Destructive -Fracture strength -Scanning electron microscope (SEM) inspection of the micro structure -Micrographs at 1000x and rating, of: metallic and non-metallic inclusions by size, number and distribution • grain size • porosity homogenity of sintering aid -X-ray analysis of the Si,N 4 matrix (relation of oL -Si, N4 -structure and -Si, N4 -structure) -Chemical composition 
FATIGUE LIFE
One basic precondition for the use of ceramic rolling bearings or steel bearings with ceramic rolling elements (hybrid bearings) is a satisfactory fatigue life that must be achieved reliably.
In a previously published ASME article (1) life tests performed with angular contact ball bearings (hybrid bearings) under elastohydrodynamic lubricating conditions are described as well as the experienced symptoms of fatigue and damage propagation.
The failure phenomena are similar with all-steel and hybrid bearings. Fractures do not occur but pittings do. The speed of damage propagation and the type of damage are important for practical applications. From this point of view there is also no reason why ceramics should not be used because damage propagation is slow (1).
Since then the testing at the authors research facility continued under identical test conditions with a number of additional production lots of silicon nitride balls with materials procured in the USA, Japan and Germany (8) .
Some of the ball lots were intentionally produced from ceramic material lots which were classified marginal or even unacceptable (referred to as "poor" lots) by evaluation with the before outlined quality assurance methods.
The other lots were classified "good" lots.
The summarized test results of the performed fatigue life testing are:
-At a contact pressure of po = 2900 MPa the achieved life of the "good" ball lots is grouped around the same values like that of high grade steel components and was about 10 times the calculated (unfactored) L,,,-life ( Figure 5 ).
The lot to lot variation is consistent with the results obtained for individual lots of high grade aircraft bearings.
-At a contact pressure of p o = 2900 MPa the life of the "poor" lots was about 0.05 times or less of the calculated (unfactored) L, o -life ( Figure 5 ).
However, at a reduced contact pressure of p o = 2500 MPa the achieved life of the "poor" lots was still about the calculated (unfactored) L 10 -life or even somewhat higher ( Figure 5 ).
From these findings the conclusion can be drawn by analogy that at stress levels lower than po = 2900 MPa the achievable life of the "good" ceramic ball lots is increasing overproportionally compared to the life increase experienced for the "poor" lots with reduced contact pressure levels (p o < 2900 MPa). These findings confirm similar fatigue behaviour of ceramic material as was experienced with high grade bearing steel materials (7) . This is also shown in Figure 5 . The experience gained to date can therefore be summerized as follows:
-Ceramic balls of good quality reach at least the same fatigue life as steel bearings if the contact pressure between rolling elements and raceway are of the same magnitude.
-The finding of an endurance limit for rolling bearings as experienced with high grade bearing steels (7) and the possibility for infinite bearing life is also transferable to bearings with ceramic balls, providing that good quality silicon nitride material is used.
-The practical endurance limit (2) of bearings with ceramic balls can be assessed today at a contact pressure level of po = 2000 MPa. This value is identical with the practical endurance limit as determined for ball bearings made of high grade bearing steel. 
Figure 6 Test bearing HIGH SPEED TEST
The tests were carried out with axial loads F, x = 500 N, 1000 N and 2000 N, a constant radial load F, = 415 N and oil quantities of 2 to 3 1/min at a speed of 60000 rpm (resulting contact pressures p, = 1600 MPa, 1700 MPa and 1800 MPa). This results in a factor of 3.4 million for pitch diameter (mm) x speed (min'), (PD x n). The bearings ran without problems and even higher speeds are believed to be possible without functional problems.
BLADE-LOSS SIMULATION TEST
Blade-loss in aircraft turbines, which are operating at high speeds, causes high bearing stressing due to the resulting rotating imbalance. An engine bearing has to survive this condition for a short duration without sudden failure. 30 minutes of reliable operation were to be verified by testing under high speed and high contact pressure condition.
Tests were performed with simulated blade-loss by an unbalanced shaft at 55000 rpm (PD x n = 3.1 million),an axial load F" = 1000 N, a radial load F, = 415 N and with additional 74 and 220 g•mm imbalance causing contact pressures p, = 2300 MPa and 3060 MPa.
In addition all-steel bearings made of high temperature S18-0-1 (*) (AISI Ti) material, hybrid bearings with S18-0-1 (*) races and full-ceramic bearings, were run in oil-off tests at 35000 rpm (PD x n = 2 millions), an axial load F,,, = 1000 N (resulting contact pressure p° = 1600 MPa) and with steady state bearing temperatures prior to oil-off ("oil-off temperature") within the range of 200°C to 300°C. The lubricating oil used was Mobil Jet Oil II (Turbo Oil MIL-L-23699) and the oil supply quantity at steady state bearing temperature was 0.1 1/min (jet lubrication). The steady state bearing temperature was adjusted by varying the oil-in temperature between 85°C to 175°C.
All tests were computer controlled and the test rigs shut-off if significant increases in temperature, friction torque, vibration or loss of speed was recorded.
The first step of the test program was to determine if the inner or outer lands piloted cage configuration is advantageous under oil-off operation. This test was carried out with all-steel bearings and solid, silver plated steel cages.
The test results, which are summarized in Figure 7, show a significant dependence of the achievable operation time after oil-off on the oil-off starting temperature.
It can be seen that a relatively long oil.-off operation of about 50 minutes can be achieved with lower oil-off temperature of about 200°C but that the operation time decreases drastically in the higher oil-off temperature area.
At the high temperature area around 300°C the achievable operation time with the outer lands piloted cage is about twice that of the inner land piloted cage.
In the low temperature area around 200°C an increased operation time by a factor of 4 could be achieved with the outer lands piloted cage configuration.
These results indicated a clear advantage of the outer lands piloted cage configuration under oil-off operation.
Further testing with hybrid bearings and outer lands piloted cage was carried out. In the high temperature area around 300°C an increa-(*) As reported in (3) comparable results are obtained with bearings made of S18-0-1 and M50 materials under unfavourable lubricating conditions. Axial raceway cracks in ceramic races after oil-off operation caused by high surface roughness sed operation time by a factor of about 2 compared to the all-steel bearing was experienced whereas this advantage diminished with lower oil-off temperatures (Figure 8 ).
In the next step of this program the ceramic bearings were tested under identical operating conditions. To prevent potential problems coming from the difference in thermal expansion of silicon nitride and steel, the shaft of the test rig was also made of ceramic material. However, the raceway surface roughness for most of the ceramic test bearings was much higher (Ra = 0.15 µm) compared to the surface roughness of the steel races (Ra < 0.05 µm). The surface roughness of the steel and ceramic balls was about the same (Ra < _ 0.03 µm). This high raceway surface roughness of the ceramic races was considered a potential problem due to the higher material stressing, friction torque and heat generation under oil-off operation resulting from that.
The individual test results with the ceramic bearings confirmed the expected negative influence of the poor raceway surface roughness. Axial raceway cracks ( Figure 10 ) which are believed to be caused by the high induced surface shear stresses under oil-off operation together with the high raceway surface roughness failed the ceramic bearings with the poor surface finish after a relatively short time of oil-off operation. However, it was also confirmed that with a good surface roughness (2 test points) a further improvement under oil-off operation is achieved with ceramic bearings. The expected performance is shown in Figure 9 .
With all the oil-off tests outlined before, bearing damages started with severe wear and material welding at the cage piloting surface causing a sudden friction and temperature increase. The raceways were roughened by wear and from overrolling of wear particles and the material in the rolling contact path was distressed.
Because of this a further test series was started with the following cage variations:
-Titaniumcarbide (TiC) plated steel cage for improved wear resistance -Silver plated steel cage with graphite inserts in the cage piloting surface (dry lubrication effect) -Carbon fibre reinforced graphite cage (dry lubrication effect)
-Silver plated steel cage with axial oil grooves for oil distribution and circumferential oil grooves in the cage piloting surfaces to restrain the oil.
The only cage configuration which showed tendentious improvements compared to the outer ring piloted silver plated steel cage was the carbon fibre reinforced graphite cage.
It would need further investigations to find out if a modified cage material composition would result in significant improvements in bearing operation under oil-off in comparison to the silver plated, outer lands piloted steel cage.
FRICTION TORQUE
In high-speed bearings, the balls are guided in the outer ring; spinning motion takes place on the inner ring. In rolling bearing engineering, the spin-roll-ratio (4) is used to assess the rolling contact conditions such as bearing kinematic and friction in the rolling contact zone. The lower this ratio, the better the rolling contact conditions, and the lower the spinning friction.
Computer analysis have shown that bearings with ceramic balls operating at higher speeds offer superior rolling contact conditions with a significantly lower spin-roll-ratio compared to steel balls (5). This is presented in Figure 11. 
Figure 11
Spin-roll-ratio of high-speed bearings with steel and ceramic balls Also the approx. 50 % higher modulus of elasticity of ceramic material results in a smaller contact ellipse formation which reduces the sliding in the ball-raceway contact area of a hybrid bearing.
To investigate the practical effect of the improved bearing kinematic and the reduced contact area sliding on the friction torque a comparison test with,an all-steel and a hybrid bearing was performed. The friction torque M (4) was tested at various speeds.
The results are reflected in Figures 12
It is quite obvious that a significant reduction of the friction torque with increasing bearing speed is gained with ceramic balls in comparison to steel balls.
Figure 12
Relative friction torque M vs. inner ring speed n BEARING TEMPERATURE Bearing temperature can be an important criteria in specific bearing applications.
E. g. with reducing the bearing temperature of a grease packed bearing by 15°C the grease service life can be increased by a factor of about 2 (6) . This means that the maintenance frequency and consequently the service cost of a system may be significantly reduced.
With oil lubricated bearings a lower bearing temperature could require a smaller and lighter oil-cooler which is of particular interest in all aerospace applictions.
Generally the thermal material stressing in the rolling contact zone is reduced with decreased bearing temperatures; also the formation of a separating elasto-hydrodynamic oil film is improved.
The results of a comparison test with grease packed bearings are shown in Figure 13 . With increasing bearing speed the advantage of a reduced bearing temperature become more significant with ceramic balls (hybrid bearing).
In a further test with oil-jet lubricated bearings the influence of bearing speed and axial load on bearing temperature was investigated for all-steel and hybride bearings.
The test bearing was an angular contact ball The bearing was run at each speed-axial load condition until a stable outer ring temperature was reached.
The test results are summarized in Figure 14 . The same tendency as experienced with the grease packed bearing was found with the oil-jet lubricated bearings. With higher bearing speed and loading a more significant reduction of the bearing temperature can be gained with ceramic balls in comparison with steel balls.
For more than a decade, research has been performed at the authors research facility into the use of silicon nitride as a material for rolling bearing components. Fabrication techniques for silicon nitride material, finish grinding, quality assurance methods as well as bearing design methods have significantly improved over the years. Fatigue testing and functional testing with hybrid bearings, ceramic bearings in comparison with all-steel bearings was performed. The following results were obtained: 1) Ceramic balls made from qualified material reach at least the same fatigue life as all-steel bearings at equal contact stress levels.
2) The finding of an endurance limit for rolling bearings as experienced with high grade bearing steels and the possibility for infinite bearing life is also transferable to bearings with ceramic balls.
3) The practical endurance limit of hybrid bearings can be assessed today at a contact pressure level of p o = 2000 MPa which is identical with the endurance limit as determined for all-steel ball bearings.
4)
Failure phenomena are similar with steel and ceramic material. Damage propagation of ceramic components is slow and sudden failures were not experienced.
5) High speed bearing tests up to PD x n = 3.4 million have not shown functional problems and even higher speeds are believed to be possible.
6) Blade-loss simulation tests performed at PD x n = 3.1 million have shown a reliable performance; no bearing failure was experienced during a 30 minutes operation with high shaft imbalance loading. 10''-10'° 10 -'-1 Table I Material characteristics of silicon nitride and rolling bearing steel M50
